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Alternate Propulsion Subsystem Concepts 
Tripropellant Comparison Study 
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Alternate Propulsion Subsystem Concepts NRA 

Option 2 Status 
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Tripropellant Comparison Study 
Study Objective 
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Tripropellant Comparison Study 

Conclusions 
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Tripropellant Comparison Study 

Study Objectives 
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Other Applications 
Support - Other Design Factors 
Mission Evaluations 
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Tripropellant Comparison Study 

Engine Groundrules 

• Sea Level Thrust - 421 ,000 Ibf 

• Fixed Bell Nozzle 

• ^cstar 
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Individual Thruster Interaction (Annular) 

• 0.985 
Engine Life 

• Number of Missions 60 

• Missions Between Overhauls 20 



LOX/RP-1 Turbine Nozzle Area 
Change Characteristics 
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Tripropellant Comparison Study 

Material Groundrules 


o 


CO 

h- 

5 

< 


0) 

0) 

(ft 

CO 

O 

o 

£ 

CM 


D) 

C 

3 

O 


c 

(0 

Q. 

C/> 

6 

E 

0) 


o 

o 

DC 

>* 

o 


(0 

< 


Q. 

DC 

"O 
C 
CO 

CM 

O 

v. 

O 

h- — 
CM 00 ° 

I i- ^ 

»_ r- Q 

o o -!- 
«< = See 
E • • € • 

3 3 

Q. h* 


O T 


0) 

0) 
co 

CO 

o 

o 

£ 

CM 

o 

Jr CO 

o a> 
**- co 

00 CO 

E O 

8 £ 

C DC 


a. 

O OC 

* O 

5 s 

(A IT- 

10 

11 


£ 

CO 

a. 

CO 

o 

CM 

z 

< 

C 
O co 
Q. 

Y u> 
# ' 

■o o 
a> F 
a> E 

Z o> 

o i 
o«2 

DC C 
»- ® 

o ^ 

H- o 

>»g- 

o E 

o O 

1° 

w a> 

< 2 

• co 

CM 


CO 

O 


CM 

2 i= 

>* o >» 

CO — o 

1 <E 

I I < 
CO CO Z 
C C I 

Q> Q> t_ 

c c a> 
o o c 

CL Q--j 

E E o 
O oO 

o o o 

Q> 0> z 
TJ TJtj 

»«s 

CM CL ” 

O OC O 

+* 4~» Q 

8 Si 

S S£ 


O 

o 


i 


CO 

o 

a 


CO 

00 


o 
a> 
co 

s8S! 

o H 


5 o> 

g 2 

® o 

JQ £ 

E ® 
ott 
o o 
>*■0 
e *s 
c-g 
o £ 
3=0 

F g 

• o 


o> 
c 
'C 
CO 

a> 

m 

a 
A 

E 

<5 

2 <o 
c a> 

•1 

§ fi 
o ® 
+* — 
(0 CO 

s> 

£ CM 

HX 


CO 


CO 

a> 

c 

!E 

CO 

3 

CD 

a» 

0) 

4-4 

0) 


a> 

4 -> 

CO 

O 

Q. 

E 

o 

o 


Gimbal Actuator Attach Bracket, Support Struts for 
Turbomachinery 



Tripropellant Comparison Study 

Lessons Learned from Previous Tasks 



Sea Level Thrust/Weight 
Mode 2 Vacuum l S p 

Mode 1 Vacuum l crk 




Advanced Low-Cost Engines 
SSTO Performance 
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Advanced Low Cost Engines 
SSTO Performance 

Effect of Fuel Turbine Inlet Temperature 

FFSCC 
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2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 

Chamber Pressure, psi TA3-o9ioa 



Effect of Turbine Temperature on SSTO Performance 
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Effect of Sea Level Engine T/W 
on SSTO Performance 
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SSTO Performance 
Specific Impulse Sensitivities 
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Delta Specific Impulse, sec 





Tripropellant Comparison Study 

Implications of Lessons Learned 
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Operating Parameters 
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Alternate Propulsion Subsystem Concepts 
Weight Estimating Procedure 
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Composite with Steel Bushings 
• Gimbal Actuator Attach Bracket, Support Struts for 
Turbomachinery 
Ti Honeycomb Nozzle Jacket 
Ni/Co Main Combustion Chamber Closeout 



Alternate Propulsion Subsystem Concepts 
Weight Groundrules 


vo 

00 

o 

I 

m 

< 

E-< 


q. 

E 

3 

a. 

CM 


re 

(0 

E 


re o 

3 to 


a. 

re 

8 

LU 


<0 

w 

0 ) 

Q. 

E 

£ 

o> 


JO J? 

CO 

0) 

o w 


•o 

0) 


" i op 
« u. ^ 


(0 

E 

3 

E 


■o 

a> 

re 


"I 


re 

k. 

co 

3 

o 

re 

k. 

<0 

•o 

re 

co 

3 

co 

re 

t 

re 

CL 

o 


0) 

CO 


o 
a. 

O 

4-* 

s| 

M 

If 


TJ — 
re -D 

o 0 ) 

-j CO 

~ 3 

E jo 
□ <0 


CM 


re 


CM 


o£ 


CO 

I? 


rJ cn 


c 

re 


+* 3 ?► 

ml. ^ 


re H 

5* 

(A > 

«/) *- 
a> 5 

£ £ a» 
“■ fl» V 
C (0 

o c 

ES 

I* 


I- 

JE 

a>5 
co re 

s* 

O « 


re 
Jr re 
O (0 


CM 

c 

T 

a 

re 

w 

E 

3 

O 

CO 


X 

3 co 
co 

CO ^ 

re "o 
2* 
m re 
o ® 

^ si 

d. 


«0 

<0 

W 


*5 


< 

I 


«T 1 co 
= w « o 


§S 

Si 


Q. C 
3 W-= 
, © ® " 

!J I, 


0) ss <M 

To < i- 


P£ OWN 

E • 


re 

re 

E 

3 

3 

c 

o 

in 


3 

3 

re 

$ 

o 

o 

u. 

3 

re 

o 


CM 

▼" CO 

c •* 
re co 

3 CD 
re 0 

S> 3 

3 CO 

k. 

re re 

t> 

re m 
co 3 
c "* 

O t- 

o “> 
2 © • 

II 

§• 

CM 


CO 

re 


CL 

CD 

re 

co 


o 

c 


2 6 
o re 

TJ - 

^ co 
< TJ 

J2 I— re 

*< $ 

3 Q „ 

° t: co 

2 re ^ 
co re 
■0 3 E 
= re u 

o o 7* 

2“-s 

c £ £ 

5 'PSP 
(_> 0) 0) 


• • 


CO 

w oo 

■o •* ~ 

© TJ TJ 
COO 

8 aa 

g<< 

^ 

Woo 
♦; *< 
Coo 

CILIL 

|S8 

E * • 

o” 

O • • 


re 

3 

4* 

o 

■o 

c 

re 

co 

4* 

c 

re 

E 

0 
2 
re 

N 

1 

c 


co 

a 

E 


m 


co 
re 
co 
co 
re 

<L ■* 

0 E 

1 ^ 

•“ To 
o w£ 
E§» 

Sf! 

TJ O ® 
c S *- 
cojc £2 
w*“ Q 

£ © E 

£ © i 

“» w 5 o 
& g 0)0 

!°v 

2 S' 


c c c c 

OtOOCM 
o 5 (D N 

o o o o 
• • • ■ 

o o o o 


9999 

c c c c 

CM CO CO CO CO 
6 CM CO A g* 

• • • D • 
CO 

re 
O 


Calculated Wall Thickness £ 0.125 in 0.125 in 

Calculated Wall Thickness 0.125 in to 0.250 in 0.250 in 

Use Calculated Wall Thicknesses Above 0.250 in 




Alternate Propulsion Subsystem Concepts 
Weight Groundrules (Cont’d) 
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Engine Mounted Controller 
Line and Nozzle Insulation 
Nozzle Attachment for Heat Shield 
Drain Lines with Valves 
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Alternate Propulsion Subsystem Concepts 
Weight Estimating Procedure 
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Scaled (e.g., Valves) 

Outside Reference (e.g., STME-100 for Controller) 

Outside Model or Correlation (e.g., SLIC™ Turbomachinery) 
Directly from SSME (e.g., Static Seals) 



Alternate Propulsion Subsystem Concepts 
Weight Calculations 





Thrust Cone Scaled from Previous CATIA Solid Model Silicon Carbide Reinforced Al 



Alternate Propulsion Subsystem Concepts 
Weight Calculations (Cont’d) 
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Alternate Propulsion Subsystem Concepts 
Weight Calculations (Cont’d) 
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Alternate Propulsion Subsystem Concepts 
Weight Estimate Example and Comparison 
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Pump Conditioning Fluid Recirculated to Tank on Both Sides 



Tripropellant Comparison Study 

Bipropellant/Tripropellant Engine Parameters 
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Tripropellant Comparison Study 

Bipropellant/Tripropellant Engine Weights 
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Tripropellant Comparison Study 

Observations on Bipropellant/Tripropellant Engine Weights 

Single Chamber Tripropellant Engine is Not a LOX/RP Engine With a 
Little H 2 

It Is a High Mixture Ratio LOX/H 2 Engine with Some RP 
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Thrust and Chamber Pressure 




Tripropellant Comparison Study 

Effect of Engine Weight Changes 
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Alternate Propulsion Subsystem Concepts 
Weight Estimate Example 
Weight Comparison to SSME 





Weight Comparison by Component Area 
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Alternate Propulsion Subsystem Concepts 
Choice of Weight Baseline 
Approaches 
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Haynes 214 or Inco X-750 for 0 2 Rich Turbine Rotor, Housing, 

Hot Gas Manifold, Preburner Body 

• Cast or Welded 



Tripropellant Comparison Study 
Sample Case for Design Practice Study 
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Alternate Propulsion Subsystem Concepts 
Engine Weight - Design Choice Effects 
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Bipropellant Og/HU Engines 
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Alternate Propulsion Subsystem Concepts 
Choice of Weight Baseline 
Conclusions 
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Pursue Technology Programs to Increase the Strength of Oxygen 
Resistant Materials 
• Appears Very Feasible 
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Tripropellant Comparison Study 

Currently Proposed Engines 
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Alternate Propulsion Subsystem Concepts 

Closed Cycle Thermodynamic Capabilities 
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Tripropellant Comparison Study 

Potential Engine Cycles 
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Tripropellant Comparison Study 

Potential Engine Cycles 
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Tripropellant Comparison Study 

Cycle Considerations 
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SSTO Performance 
Impact of RP in Mode 2 



08S ‘sso~i dS|ndui| ojjpads uinnoeA Z apo|/\| 


Mass Ratio of RP to Total Fuel 


Tripropellant Comparison Study 

Numbers of Preburners 

All Staged Combustion Cycles Can Have Up to Four Preburners 

FFSCC Must Have at Least Two Preburners 

SCC Can Have as Few as One Preburner for the Whole Engine 
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Cooling Circuits 



TA3-0741 




Alternate Propulsion Subsystem Concepts 
Tripropellant Configuration Study 
Combined Mode 1/Mode 2 Oxygen Pump 
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Tripropellant Comparison Study 

Resulting Baseline Cycle Groundrules 
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Tripropellant Comparison Study 

Cycle Classes Included 
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Tripropellant Comparison Study 

Selected Engine Cycles 
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Alternate Propulsion Subsystem Concepts 
Tripropellant Configuration Study 
Weight Baseline Used 
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Tripropellant Comparison Study 

FFSCC Cases 
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Tripropellant Configuration Study 

FFSCC-2(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 




Tripropellant Configuration Study 

FFSCC-3(SC) LOX/RP/H2 Engine Schematic 
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Tripropellant Configuration Study 

FFSCC-3(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FFSCC-4(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 





Tripropellant Configuration Study 

FFSCC-5(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FFSCC-6(SC) LOX/RP/H2 Engine Schematic 
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Alternate Propulsion Subsystem Concepts 

FFSCC Cases 
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Tripropellant Comparison Study 

Ox Rich SCC Cases 



Applicable MCC Injection H 2 /RP/0 2 

Not Applicable G Gas X/X/X Model 

Single Chamber L Liquid X/X/X Mode 2 






Annular Chamber 



10 - 27-94 




Tripropellant Configuration Study 

ORSCC-2(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 




ripropellant Configuration Study 

RSCC-3(A) LOX/RP/H2 Engine Schematic 
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Tripropellant Configuration Study 

ORSCC-4(SC) LOX/RP/H2 Engine Schematic 
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Tripropellant Comparison Study 

Ox Rich SCO Cases 
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Alternate Propulsion Subsystem Concepts 

ORSCC Cases 
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Tripropellant Comparison Study 

Fuel Rich SCC Cases 
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Tripropellant Configuration Study 

FRSCC-1 (A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FRSCC-2(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 
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Tripropellant Configuration Study 

FRSCC-2(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FRSCC-3(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 
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Tripropellant Configuration Study 

FRSCC-3(A) LOX/RP/H2 Engine Schematic 
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Tripropellant Configuration Study 

FRSCC-4(SC) LOX/RP/H2 Engine Schematic 
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Tripropellant Configuration Study 

FRSCC-4(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FRSCC-5(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FRSCC-6(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 
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Tripropellant Configuration Study 

FRSCC-6(A) LOX/RP/H2 Engine Schematic 
Annular Chamber 
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Tripropellant Configuration Study 

FRSCC-7(SC) LOX/RP/H2 Engine Schematic 
Single Chamber 




Tripropellant Comparison Study 

Fuel Rich SCC Cases 
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Alternate Propulsion Subsystem Concepts 

FRSCC Cases 
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Tripropellant Comparison Study 

Hybrid Cycle Cases 
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Tripropellant Configuration Study 

Hybrid-2(SC) LOX/RP/H2 Engine Schematic 



Tripropellant Configuration Study 

Hybrid-3(SC) LOX/RP/H2 Engine Schematic 




Tripropellant Configuration Study 




Tripropellant Configuration Study 

Hybrid-4(SC) LOX/RP/H2 Engine Schematic 



Tripropellant Configuration Study 

Hybrid-4(A) LOX/RP/H2 Engine Schematic 




Tripropellant Comparison Study 

Hybrid Cycle Cases 
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Alternate Propulsion Subsystem Concepts 
Hybrid Cycle Cases 
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Tripropellant Comparison Study 
Bipropellant Cycles 
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Tripropellant Comparison Study 

Bipropellant Cycle Cases 



Applicable MCC Injection H 2 /RP/0 2 

Not Applicable G Gas X/X/X Mode 1 

Single Chamber L Liquid X/X/X Mode 2 





Alternate Propulsion Subsystem Concepts 
Bipropellant Cycles 
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Alternate Propulsion Subsystem Concepts 
Bipropellant Cycles 
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Alternate Propulsion Subsystem Concepts 
Bipropellant Cycles 
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Tripropellant Comparison Study 

Bipropellant Cycle Cases 



Applicable MCC Injection H 2 /RP/0 2 

Not Applicable G Gas X/X/X Model 

Single Chamber L Liquid X/X/X Mode 2 TA3-1 118a 
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Alternate Propulsion Subsystem Concepts 
Tripropellant Configuration Study 
Operating Parameter Choices 
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Engine Weights - Bipropellant FFSCC 
Nozzle Exit Pressure Variation 
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Engine Performance - Bipropellant FFSCC 
Nozzle Exit Pressure Variation 
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SSTO Performance - Bipropeilant FFSCC 
Nozzle Exit Pressure Variation 
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Exit Pressure, psi 




Engine Weights - FFSCC 
Nozzle Exit Pressure Variation 
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Exit Pressure, psi TA3-0953 






Engine Performance - FFSCC 
Tripropeilant 
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SSTO Performance - Tripropellant - FFSCC 
Nozzle Exit Pressure Variation 
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Exit Pressure, psi TA3-0959 






SSTO Performance - Tripropellant - FFSCC 
Nozzle Exit Pressure Variation 
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Exit Pressure, psi TA3-0961 





SSTO Performance 
Nozzle Exit Pressure Variation 
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C-Star Efficiency 
Bipropellant Og/H, 
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Engine Weights - FFSCC 
Bipropellant 
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Mixture Ratio, 02/H2 TA3-0969 






Engine Performance - FFSCC 
Bipropellant 
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Mixture Ratio, 02/H2 




SSTO Performance - Bipropellant FFSCC 
Engine Mixture Ratio Variation 
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Engine Mixture Ratio, O/F TA3-0971 




Engine Weights - FFSCC 
Bipropellant - Dual Mixture Ratio 
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Engine Performance - FFSCC 
Bipropellant - Dual Mixture Ratio Operation 
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Mode 2 Mixture Ratio, 02/H2 ta3-0947c 















SSTO Performance - Bipropellant FFSCC 
Dual Mixture Ratio Operation 
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Mode 1 Mixture Ratio, O/F 





SSTO Performance - Bipropellant FFSCC 
Dual Mixture Ratio Operation 
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Mode 2 Mixture Ratio, O/F 






Engine Weights - GG Cycle 
Bipropellant 
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Engine Performance - GG Cycle 
Bipropellant 
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Engine Mixture Ratio, 02/H2 







SSTO Performance - Bipropellant GG Cycle 
Engine Mixture Ratio Variation 
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Engine Mixture Ratio, O/F 




SSTO Performance - Bipropellant GG Cycle 
Optimum Engine Mixture Ratio 



}i|6jaM AiO ®PIM»A 8A!iB|3U 






TA3-0863h 



Engine Weights - FFSCC 
Bell Annular Configuration 



Mode 1 RP Thrust 






Specific Impulse - FFSCC 
Bell Annular Configuration 



02/H2 Mixture Ratio TA3-0987 






Coolant Temperature - Tripropellant - FFSCC 
Bell Annular Configuration 







SSTO Performance - Tripropellant - FFSCC 
Bell Annular Confiquration 
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Thrust Split Vs Chamber Pressure 
Bell Annular Configuration 
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SSTO Performance - Tripropellant - FFSCC 
Bell Annular Configuration 
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Engine Weights - FFSCC 
Bell Annular Configuration 
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Specific Impulse - FFSCC 
Bell Annular Configuration 



02 /RP Mixture Ratio TA3-0986 





SSTO Performance - FFSCC 
Bell Annular Configuration 
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Engine Weights - FFSCC 
Tripropellant - Single Chamber 



ujqi ‘ii|6jdM du|6ua 


TA3-0955 










oes ( dS|ndiu| ogpeds 


Percent Hydrogen 








SSTO Performance - FFSCC 
Tripropellant Single Chamber 
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Percent Hydrogen TA3-0960 
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Engine Weights - FFSCC 
Tripropellant Single Chamber 
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Engine Performance - FFSCC 
Tripropellant Single Chamber 



Overall Mixture Ratio, 02/(H2+RP) 





SSTO Performance 

Tripropellant Single Chamber - FFSCC 
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Engine Weights - FFSCC 
Tripropellant Single Chamber 
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Mode 2 Mixture Ratio, 02/H2 




Engine Performance - FFSCC 
Tripropellant Single Chamber 
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Mode 2 Mixture Ratio, 02/H2 





SSTO Performance 

Tripropeilant Single Chamber - FFSCC 
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Mode 2 Mixture Ratio, 02/H2 TA3-0978 






SSTO Performance 
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Alternate Propulsion Subsystem Concepts 
Baseline Parameter Selections 
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Freeze the Choice for Remainder of Task 
April/May 1994 Version Used 
• Consistent Tripropellant and 
Bipropellant Models 




Engine Performance Specific Impulse Performance 
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Tripropellant Comparison Study 

Helium Usage 
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Tripropellant Comparison Study 

Helium Usage 
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Effect of Turbine Temperature 

on Engine Weights 



Chamber Pressure, psi TA 3 -o 983 f 








Effect of Turbine Temperature on SSTO Performance 
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Effect of Turbine Temperature on SSTO Performance 
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All Design Points Will Use Those Turbine Temperatures That Will 
Produce a Power Limit of Around 4,500 psi Chamber Pressure 
• Lowest That Will Not Effect Engine Weight Below ~ 4,000 psi 
Chamber Pressure 
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Engine Weights 
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SSTO Performance 
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Tripropellant Comparison Study 

Cycle Observations 
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SSTO Performance 
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Tripropellant Comparison Study 

Propellant Choice Observations 
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All At or Near Optimum for SSTO Mission 
New Paper Engine - Weights Malleable 
New Design 

Produced Dry Vehicle Weight of 178,000 Ibm 
• 23.6 % Lighter than Baseline Bipropellant Engine 



Access to Space Study 

Bipropellant/Tripropellant Engine Reconciliation 
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Alternate Propulsion Subsystem Concepts 

Tripropellant Comparison Study 
Margin Study 
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Alternate Propulsion Subsystem Concepts 

Tripropellant Comparison Study 
Margin Study - Bipropellant Engines 
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Alternate Propulsion Subsystem Concepts 

Tripropellant Comparison Study 
Margin Study -Tripropellant Single Chamber Engines 
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Vehicle Dry Weight Sensitivity to Margin Requirements 

Pc = 4,000 psi 
Bipropellant Engines 
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Turbine Operating Temperature as a Measure of 

Cycle Design Margin 
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Hydrogen Turbine Temperature Sensitivity to Margin Requirements 

Pc = 4,000 psi 

Single Chamber Tripropellant Engines 
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Alternate Propulsion Subsystem Concepts 

Tripropellant Comparison Study 
Margin Study Observations 
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FFSCC is the Most Robust Cycle 

• Little Impact Except With All Margins 

• Still Uncooled Powerhead Even With All Margins 
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Engine Cycle Choice Can Provide Increased Design 
Margins and Opportunity for Future Growth 
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Tripropellant Comparison Study 
Technology Implications 
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